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Mature embryosAbstract Barley is the fourth most important crop in the world. Development of a regeneration
system using immature embryos is both time consuming and laborious. The present study was ini-
tiated with a view to develop a regeneration system in six genotypes of Indian barley (Hordeum vulg-
are) cultivars as a prerequisite to transformation. The mature embryos were excised from seeds and
cultured on MS medium supplemented with high and low concentrations of cytokinins and auxins
respectively. The MS medium containing 3 mg/L N6-benzylaminopurine (BA) and 0.5 mg/L 2,4-
dichlorophenoxyacetic acid (2,4-D) was found to be the most effective for multiple shoot formation
in HOR7231 cultivar that could produce 12 shoots per explant. The other cultivars HOR4409 and
HOR3844 produced a minimum number of adventitious shoots (1.33 and 1.67 respectively) on MS
medium supplemented with 1 mg/L BA and 0.3 mg/L 2,4-D. The elongated shoots were separated
and successfully rooted on MS medium containing 1 mg/L indole-3-acetic acid (IAA). The response
of different barley cultivars was found to be varying with respect to multiple shoot production. This
is the ﬁrst report of multiple shoot induction and plantlet regeneration in Indian cultivar of barley
which would be useful for genetic transformation.
ª 2013 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Barley is an annual cereal grain crop that comes from the
family of Poaceae and is the fourth most important crop in
the world after wheat, maize and rice (faostat.org). It is con-
sumed as a major food and feed for animals as well as in the
brewing industry (Ritala et al., 1993). Barley seeds are unique
as they accumulate up to 15% protein by dry weight and be
stored for a period as long as 10 years (Tanasienko et al.,
252 H. Rostami et al.2011) and (Ritala et al., 2008). Considering its importance,
there is a requirement for development of transgenic barley
with new properties (Wan and Lemaux, 1994). Existence of
high potent in vitro regeneration system is a prerequisite for
efﬁcient genetic transformation (Havrlentova´ et al., 2001).
The regeneration system is supposed to be fast growing with
stable plantlets suitable for hardening (Sood et al., 2011). Bar-
ley is one of the most difﬁcult crops for in vitro tissue culture
as it is a well known recalcitrant species like other monocots.
Several explants of barley have been considered for their
regeneration and transformation capacity and successful at-
tempts have been reported including immature embryos
(Wan and Lemaux, 1994), microspores (Jahne et al., 1994),
protoplasts (Funatsuki et al., 1995), shoot meristematic cul-
tures (Zhang et al., 1999), ovules (Holme et al., 2006). Other
explants which were used for in vitro regeneration of cereal
plants include: young leaves and leaf tissues (Saalbach and Ko-
blitz, 1978) and (Lu et al., 1983), anthers (Haydu and Vasil,
1981), immature inﬂorescences (Havrlentova´ et al., 2001) and
(Desai et al., 2004), nodal explants (Sharma et al., 2007), leaf
base and apical meristems (Ganeshan et al., 2003) and (Ra-
mesh et al., 2009).
Most regeneration protocols for barley are based on imma-
ture embryos in controlled conditions and the procedure for
generation of donor plants is time consuming. Moreover,
reproducible in vitro regeneration system even with immature
embryos has mostly been restricted to a few cultivars (Li et al.,
2009) like Golden Promise that is not commercially valuable.
Nearly all the commercially important cultivars are poor in
regeneration (Ganeshan et al., 2003) and have not been ex-
plored for in vitro studies (Chauhan and Kothari, 2004). On
the other hand, explants like mature embryos and leaf base/
apical meristems have several advantages over immature tis-
sues as they are easier to handle, available throughout the year
in a large quantity without any problems of seasonal effect on
regeneration (Sharma et al., 2005a).
Direct regeneration of plants from explants is a faster and a
time saving approach for obtaining whole plants without the
callus interphase that can increase somaclonal variation (Zapa-
ta et al., 1999). Direct shoot induction and regeneration have
been reported for some important cereals including oat (Zhang
et al., 1996), maize (Zhang et al., 2002), sorghum (Baskaran
and Jayabalan, 2005), barley (Sharma et al., 2004) and wheat
(Sharma et al., 2005b). As the regeneration ability varies be-
tween genotypes, it is essential to screen different varieties
for the response to in vitro culturing as it is a key step for ge-
netic manipulation.
The objective of the present study was to investigate the
regeneration capacity of barley cultivars originating from
India using mature embryos as explant by direct shoot induc-
tion in order to use them for future molecular breeding
programs.Table 1 Barley genotypes and combination of different media used
Cultivars used HOR 3844, HOR 3272, HOR 4505, HOR 7231, HO
Levels of BAP
and 24D in mg/L
1B + 0.3 1B + 0.5D 2B + 0.3D
D D D
(1 mg/L BAP+
0.3 mg/L 2,4-D)
(1 mg/L BAP+
0.5 mg/L 2,4-D)
(2 mg/L BA
0.3 mg/L 22. Materials and methods
2.1. Preparation of explants
Barley seeds of six Indian varieties were provided by Gene
Bank Department of Leibniz Institute of Plant Genetics and
Cultivated Plant Research (IPK) – Germany. The accession
numbers are shown in Table 1.
Seeds were dehusked and after washing with tap water sur-
face sterilized by soaking in 70% ethanol for 1 min, rinsing with
sterile distilled water, soaking in 0.1% (w/v) mercuric chloride
solution for 7 min followed by rinsing with sterile distilled
water (10 times). The seeds were kept in 250 ml conical ﬂasks
containing sterile water for 24 h at 4 C. Mature embryos were
excised from seeds by a scalpel and cultured on media.
2.2. Media composition, preparation and establishment of
cultures
The seeds were sterilized after dehusking as described above
and were incubated on direct shoot induction media (DSIM)
for induction of multiple shoots. DSIM was MS basal media
by Murashige and Skoog (1962) supplemented with high level
of BA and low concentration of 2,4-D as shown in Table 1.
The cultures were kept in light at 22 ± 1 C in 16/8 h of
light/dark cycle regime with subculturing one in two weeks.
Counting of multiple shoots was done for each explant after
it was subcultured twice. The main shoots were removed dur-
ing subculturing. Shoots which emerged from mature embryos
directly without callus interphase were separated and trans-
ferred on rooting media. The regenerated plantlets were trans-
ferred on MS media containing 1 mg/L IAA for rooting.
2.3. Statistical analysis
In the direct shoot induction study the number of shoots per
explants and efﬁciency of regeneration were recorded and AN-
OVA was conducted to investigate differences in above the
parameters. All Statistical analysis was carried out by using
DSAASTAT (available at: http://www.unipg.it/~onofri/DSA-
ASTAT/DSAASTAT.htm).
3. Results and discussion
Mature embryos of six barley varieties were excised from 24 h
imbibed surface sterilized seeds as initiation explants for direct
embryogenesis on six different media containing different con-
centrations of BA and 2,4-D. Mature embryos started to ger-
minate few days after culturing. The main shoots were cut to
promote adventitious shoot initiation within the ﬁrst week in
order to retard the growth of primary shoots (Fig. 1A andin this study.
R 4409, HOR 3838
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,4-D)
(2 mg/L BAP+
0.5 mg/L 2,4-D)
(3 mg/L BAPP+
0.3 mg/L 2,4-D)
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Figure 1 Different stages of induction direct multiple shoots from mature embryos of barley; A: Cutting the germinated embryos and
initiation of shoot bud, B: Somatic embryo formation and development from shoot buds, C: Multiple shoots regeneration, D: Separating
multiple shoots from each explants and E: Root induction of regenerated plants.
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to multiplication and elongation of multiple shoots (Fig. 1C).
Elongated shoots (2–3 cm length) from original explants were
separated and subcultured on same media that could grow
individually without albinism (Fig. 1D). All regenerated plant-
lets started rooting after two weeks from transferring them on
MS media fortiﬁed with 1 mg/L IAA (Fig. 1E).
All varieties used in this study were able to induce adventi-
tious shoots on six media. The range of multiple shoots varied
from1.33 forHOR4409 to 12 forHOR7231 (Fig. 2 andTable 2).
Best results were obtained with MS media containing
3 mg/L BA and 0.5 mg/L 2,4-D for all the varieties except of
HOR3838. With HOR3838 the same result was obtained either
on media containing 3 mg/L BA and 0.5 mg/L 2,4-D or
3 mg/L BA and 0.3 mg/L 2,4-D. The varieties HOR3844 andFigure 2 Inﬂuence of different hormone combinations on direct
shoot induction in barley genotypes.HOR4409 had shown minimum response on media containing
1–2 mg/L BA and 0.3–0.5 mg/L 2,4-D. As it is shown in Ta-
ble 2, all varieties exhibited the best response of induction
and production of multiple adventitious shoots on MS media
fortiﬁed with 3 mg/L BA and 0.5 mg/L 2,4-D. So it can be con-
cluded that media enriched with high level of BA and low con-
centration of 2,4-D can be used to optimize media
combination for regeneration and transformation of barley
using mature embryo explants.
Thidiazuron (TDZ) was shown to have a positive inﬂuence
on tissue culture of monocots (Schulze, 2007). TDZ was also
used on cultivars HOR7231 and HOR3272 as these cultivars
had shown good response with respect to induction of adven-
titious shoots. Substitution of BA with TDZ did not show any
increase in the number of shoots. Similar results were reported
by Ganeshan et al. (2006) with respect to barley. Ganeshan
et al. (2003) reported a favorable response with leaf bases/api-
cal meristems of barley genotypes to multiple shoot induction
on two media containing TDZ and 2,4-D similar to those used
by Gupta and Conger (1998) for switch grass. However the
calli induced from leaf bases or scutella did not survive on
TDZ containing media which is in contradiction to the report
by Shan et al. (2000). The reasons for varying response could
be the source of explants and the different requirement of phy-
tohormones. Also the levels of TDZ used and the duration of
incubation could induce different multiple shooting responses.
In the present study an efﬁcient, fast and a reproducible
in vitro regeneration system for Indian varieties of barley
was developed using mature embryos. The results obtained
(12 shoots per explants) in our experiment are comparable
with those obtained for cultivar like Golden promise (9.5
shoots per explant) (Sharma et al., 2007).
Table 2 Minimum and maximum adventitious shoots induced with different hormone combination.
Varieties name Minimum shoots induced Media combination Maximum shoot induced Media combination
HOR 3844 1.67 1B + 0.3D 3.33 3B + 0.3D, 3B + 0.5D
HOR 3272 4.67 1B + 0.3D 10.00 3B + 0.5D
HOR 4505 3.33 1B + 0.3D 7.33 3B + 0.5D
HOR 7231 5.00 1B + 0.5D 12.00 3B + 0.5D
HOR 4409 1.33 1B + 0.3D 8.67 3B + 0.5D
HOR 3838 2.33 1B + 0.3D, 1B + 0.5D 4.67 3B + 0.5D
254 H. Rostami et al.Most regeneration protocols in barley involve the use of
immature embryos that can be obtained only after three
months of cultivation of barley in green house followed by tis-
sue culture and regeneration for two months. However, the
protocol reported in the present paper involves regeneration
of plantlets from mature embryos obtained from seeds within
two months.4. Conclusion
A protocol for tissue culture and regeneration of plantlets
from mature embryos of Indian cultivars of barley has been
developed. This protocol does not require green house as ma-
ture embryos obtained from seeds are used as explants. Signif-
icant differences have been observed between different
cultivars and combinations of phytohormones. The results also
indicate that although regeneration is possible with all culti-
vars, each cultivar requires a higher degree of standardization
for improving the regeneration efﬁciency. Efﬁcient regenera-
tion protocol of this recalcitrant crop would aid in the develop-
ment of protocols for genetic manipulation.References
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